The synthesis and photosensing ability of a novel green-absorbing dendrimer are presented. The photoresponse of a photodiode comprising a bulk heterojunction blend of a first generation ketocyanine-cored dendrimer with carbazole dendrons and fluorenyl surface groups and [6,6]-phenyl-C 61 -butyric acid methyl ester (PCBM) shows good spectral selectivity for digital camera applications. The narrow absorbing photodiode achieved an external quantum efficiency of 2.9% at 515 nm and maintained a profile similar to the absorption of the unblended dendrimer.
INTRODUCTION
Current image sensors employed within machine vision systems that require high color purity are unable to cope with changes in the spectrum of the light illuminating the scene 1, 2 , and this gives rise to real challenges for the detector materials and system design. Current image sensors are typically charge-coupled devices (CCDs) or complementary metal oxide semiconductors (CMOS) which need to use either optical color filters or a dichroic prism to separate the color information before it can be interpreted for the reproduction of the full color image. An exciting approach to solving the problem involves the use of organic photodiodes comprised of a series of narrow absorbing chromophores (so that a combination absorbs over the visible spectra range) in conjunction with an algorithm that is able to process data that represents the logarithm of the photodetector responses 1, 3 . A modelling study has shown that the use of four different sensors would provide necessary spectral coverage for this approach 3 .
In this work a dendrimer that has a conjugated absorbing organic dye encapsulated within a dendritic architecture is chosen as the active material for the organic photodiode. Dendrimers are macromolecules consisting of a core and a number of tree-like branches extending from the core, resulting in the formation of a generational structure with a highly ordered character. In addition to modularity and monodispersity, they offer high solubility -enabling simple processing 4 , and prevent chromophore aggregation 5, 6 . This is crucial in limiting interchromophore interactions that lead to undesirable spectral broadening and red-shifting which has been observed in non-dendronised dye molecules 7, 8 . It might be expected that the broad absorption of most organic chromophores make them unsuitable for image sensing. However, modelling of organic chromophores shows, provided that the full width at half maximum (FWHM) of each of the responses is less than 100 nm, that their asymmetric nature does not stop them being used as sensing elements for object recognition (correct color discrimination) 3 .
In this paper we report the synthesis and photosensing ability of a first generation green-absorbing dendrimer comprised of a ketocyanine core, carbazole dendrons and fluorenyl surface groups. Ketocyanines are a class of neutral cyanine dyes whose strong light absorbance and electron transfer abilities have been exploited in the photosensitization of photopolymerization reactions [9] [10] [11] [12] . In addition, ketocyanines have high molar extinction coefficients 10, 12 and generally a single relatively narrow absorption band in the visible region thus making them good candidates for organic photodiode *electronic mail: p.burn2@uq.edu.au based image sensors. The good hole-transporting mobilities reported for iridium-cored dendrimers with carbazole dendrons 13 motivated the incorporation of the carbazole dendrons.
EXPERIMENTAL METHODS
Synthesis: All solvents were distilled prior to use. N,N-Dimethylformamide was dried over calcium hydride, filtered, and distilled under reduced pressure. Tert-butanol was dried over calcium hydride before being distilled onto activated 4Å molecular sieves. The xylenes was freshly distilled over sodium. Column chromatography was performed with Kieselgel 60 230-400 mesh silica purchased from Merck (cat. number 1.09385.9025). 1 H and
13
C NMR spectroscopy was performed on Bruker Avance AV-300, AV-400 or AV-500 MHz spectrometers: IndH = indolenyl H; vinylH = vinyl H; CarbH = carbazole H; FlH = fluorenyl H; br = broad. Coupling constants are given to the nearest 0.5 Hz. UV-visible spectroscopy was performed on a Cary 5000 UV-Vis spectrophotometer as either a thin film on quartz or as a solution in spectroscopic grade solvent (sh = shoulder). FT-IR spectroscopy was performed on solid samples using a Perkin-Elmer Spectrum 100 FT-IR Spectrometer with ATR attachment. Melting points were determined using a Buchi B-545 melting point apparatus. Microanalyses were performed on a Carlo Erba NA 1500 Elemental Analyser. Matrix-assisted laserdesorption ionisation time of flight (MALDI-TOF) mass spectrometry was performed on a Voyager DE STR MALDIToF spectrometer. Electrospray ionisation mass spectrometry was performed on a BRUKER HCT 3D Ion Trap mass spectrometer. Quartz substrates were cleaned by sonication at 80 °C with Alconox detergent (1g/100 mL in MilliQ water), then scrubbed using Kim-wipes before being sequentially sonicated at 50 °C in Alconox (1 g/100 mL in MilliQ water), MilliQ water, acetone, and 2-propanol. The substrates were dried under a stream of nitrogen immediately prior to spin-coating. Compounds were spin coated onto 2.5 cm x 2.5 cm square pre-cleaned quartz substrates using a Cookson Electronics G3-8 speciality coating system. Film thicknesses were determined using a Dektak 150 Profilometer. Thermal stability was determined using a Perkin-Elmer STA 6000 Simultaneous Thermal Analyser; thermal decomposition values were reported as the temperature corresponding to a 5% sample mass reduction. Electrochemistry was performed on an Epsilon Basi C3 Cell Stand with a glassy carbon working electrode, platinum counter electrode and silver reference electrode in 0.01 M silver nitrate in acetonitrile solution. Oxidations were measured in fresh dry-distilled dichloromethane [distilled under nitrogen, over calcium hydride (5% w/v)]. Reductions were measured in freshly double dry-distilled tetrahydrofuran (first distilled over sodium/benzophenone, then over lithium aluminium hydride). Samples (1 mM) were dissolved with electrochemical grade tetra n-butylammonium perchlorate (0.1 M) (Alfa Aesar cat. number 043999) in the solvent and degassed for 15 minutes with argon immediately prior to electrochemical measurements. E 1/2 values are reported relative to the ferrocenium/ferrocene standard 14 which was measured on the same day using the same solvent and measurement conditions as the respective samples.
The synthesis of the green-absorbing dendrimer is shown in Scheme 1: SCHEME 1. Conditions and reagents; A) iodomethane, acetonitrile, reflux, nitrogen. B) i. 1 M NaOH(aq), ii. POCl 3 , N,N,- 7 mmol) and aqueous sodium hydroxide (1 M, 25 mL) was stirred for 1 h before brine (50 mL) and ether (50 mL) were added. The organic layer was removed and the aqueous layer was extracted with ether (2 x 50 mL). The organic layer and the ether extracts were combined, dried over anhydrous magnesium sulfate, filtered, and the solvent removed to afford the enamine intermediate, which was used immediately without purification. Phosphorous oxychloride (1.80 mL, 19.3 mmol) was added dropwise with stirring to dry N,N,-dimethylformamide (4 mL) holding the temperature below 10 °C under anhydrous conditions. A solution of the enamine in dry N,N,-dimethylformamide (2 mL) was then added to the mixture at this temperature, and the reaction was heated at 40 °C for 45 min. An ice-water mixture (20 mL) was then added to the reaction mixture followed by aqueous sodium hydroxide solution (18 M, ~5 mL), until the pH of the mixture was approximately 10. The reaction mixture was then heated at reflux for 30 min. The mixture was allowed to cool before brine (200 mL) and toluene (200 mL) were added. The organic layer was removed and the aqueous layer was extracted with toluene (2 x 100 mL). The organic layer and the ether extracts were combined, dried over anhydrous magnesium sulfate, filtered, and the solvent removed. The crude product was purified using column chromatography over silica using ethyl acetate:dichloromethane mixtures (0:1 to 1:9) as eluent to give the product as a red amorphous solid (4. 
2,5-Bis((2-{5-bromo-1,3,3-trimethylindolin-2-yliden}ethylidene)cyclopentanone, 3:
A mixture of potassium tert-butoxide (1.75g, 15.6 mmol) and 2 (4.33g, 15.4 mmol) in tert-butanol (26 mL) was heated at reflux for 10 min before cyclopentanone (685 μL, 7.71 mmol) was added dropwise over 10 min. The reaction was refluxed under nitrogen for 16 h before cooling. The solvent was removed under vacuum at 40 o C. The crude product was purified using column chromatography over silica using ethyl acetate:hexane (1:4 to 3:2) as eluent and then recrystallization using a dichloromethane:cyclohexane mixture (1:9, v/v) to give the product as a purple/gold solid (3.50 g, 75%); mpt = 304-305 o C; IR: λ max (THF)/nm (log ε): 287 (4.3); 337 sh (3.8), 400 sh (3.9), 433 sh (3.2), 469 sh (4.6), 503 (4. 
2,5-Bis(2-{5-[3,6-bis(9,9-dipropyl-9H-fluoren-2-y)-9H-carbazol-9-yl]-1,3,3-trimethylindolin-2-ylidene}ethylidene)cyclopentanone 4:
A mixture of 3 (212 mg, 0.35 mmol), 3,6-bis(9,9-di-n-propyl-9H-fluoren-2-yl)-9H-carbazole 16 (545 mg, 0.82 mmol), sodium tert-butoxide (180 mg, 1.9 mmol), tris(dibenzylideneacetone)dipalladium(0) (30 mg, 0.05 mmol), tri-tert-butylphosphonium tetrafluoroborate (110 mg, 0.38 mmol) in xylenes (6 mL) was deoxygenated by vacuum-nitrogen purging four times and left to reflux for 68 h. The reaction mixture was then allowed to cool to room temperature before the solvent was removed under vacuum. The crude product was purified using column chromatography over silica using ethyl acetate:hexane:toluene mixtures (6:47:47 -2:9:9) as eluent to give the product as a purple/gold solid (234 mg, 38%); TGA (5%) 216 o C; CV: E 1/2 (oxidation ) 0.05 V, E 1/2 (reduction ) -2.18 V; λ max (THF)/nm (log ε): 227 sh (5. Device fabrication: The dendrimer:PCBM blend photodetectors were fabricated on electronic grade indium tin oxide (ITO)-coated glass substrates supplied by Merck. Before fabrication the substrates were subjected to sequential solvent cleaning in detergent, de-ionized water, acetone and iso-propyl alcohol, respectively. The clean substrates were dried at 170 o C on a hotplate in air, before spin coating a 40 nm thick layer of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, H C Stark). The PEDOT:PSS coated substrates were first dried at 170 o C for 20 min, in air. The photoactive layer of dendrimer blended with PCBM in chlorbenzene solution at a concentration of 15 mg/ml was spin-coated on top of the PEDOT:PSS coated ITO substrates Finally, a 100 nm thick aluminum electrode was evaporated on top of the photosensing layer to complete the devices, giving six identical devices on each substrate; each with an active area of 0.20 cm 2 . All steps except the PEDOT:PSS coating were performed inside a nitrogen-filled glove box/evaporator system with moisture and oxygen presence of < 0.1 ppm. The current vs voltage (J-V) characteristics were measured using a Keithley 2400 source-measure unit. The devices were characterized in nitrogen, without encapsulation, immediately after being made. A broadband light source (Abet Technologies AM 1.5 solar simulator) was used to illuminate the photodetectors through the bottom ITO electrode. The light intensity of the lamp source was measured using a calibrated silicon photodetector. The external quantum efficiency measurements were performed using a dedicated measurement set-up by PV Measurements Inc. with a lock-in technique at chopper frequency of 120 Hz.
RESULTS AND DISCUSSION
The dendrimer 4 was prepared via a convergent synthesis whereby the cyanine core was first formed and then the dendrons added in the final step. The first step in the sequence (Scheme 1) was the methylation of 5-bromo-2,3,3-trimethyl-3H-indole 15 , which was achieved in an 88% yield by reaction with methyliodide. The indolium salt 1 was then converted to the corresponding enamine using aqueous sodium hydroxide, which was then used immediately in a Vilsmier-Haack reaction to give the α,β-unsaturated aldehyde 2 required for the aldol reaction with cyclopentanone to form the ketocyanine core chromophore 3. Aldehyde 2 was formed in an overall yield of 87% for the two steps and the subsequent condensation reaction gave 3 in a 75% yield. The final reaction was a double Buchwald amination between the core 3 and the first generation carbazole dendron, and under these conditions dendrimer 4 was formed in a 38% yield.
The first step in the analysis of the dendrimer was to compare its absorption spectrum with that of the isolated chromophore ( Figure 1 ). It is clear from the thin film spectra shown in Figure 1 that the presence of the dendrons gives rise to a narrow absorption of the core chromophore. The full width at half maximum (FWHM) of the isolated chromophore is 117 nm whilst that of the dendrimer is 94 nm. The decrease in the strength of the absorption at 491 nm (a peak in the isolated chromophore and a slight shoulder in dendrimer 4) means that there will be less overlap with the shorter wavelength absorber that will be required to achieve the overall spectral selectivity of the image sensor. It is important to note that a FWHM of 94 nm is within the necessary limits determined from the modelling 3 to allow full colour discrimination. The next step in the analysis was to determine the energy levels of dendrimer 4. To do this we used cyclic voltammetry and dendrimer 4 was found to undergo a chemically reversible oxidation and reduction. The E 1/2 s for the oxidation and reduction (using the ferrocenium/ferrocene couple as the standard) were found to be 0.05 V and -2.18 V, respectively. While recognising the limitations and potential errors introduced when comparing redox processes of different materials and their conversion to ionisation potentials and electron affinities, we have calculated the energy levels of the Highest Occupied Molecular Orbital (HOMO) and Lowest Occupied Molecular Orbital Level (LUMO) by comparing the redox potentials of 4 and ferrocene and utilising the reported ionisation potential of ferrocene of 4.8 eV 14 . This analysis is useful as it allows, at least to a first approximation, determination whether the combination of components are likely to give rise to a working device. The final part of this study was the analysis of photodiodes comprised of the components shown in Figure 2 . Figure 3 shows the current-voltage characteristics of the dendrimer-based photodetector (at a blend ratio of 1:1 by weight with PCBM) in the dark and at a light intensity of 100 mW/cm 2 . For imaging the photodiode should have a narrow spectra response, a low dark current, and a high efficiency. In the case of the photodiode of this work we found that the ratio of photocurrent (100 mW/cm 2 ) to dark current at zero external bias was a respectable 7.5 x 10 3 whilst at -1 V, this decreases to 25. This voltage dependence indicates that the smallest possible reverse bias must be employed in order to maximise the low light sensitivity of the photodiode. Figure 4 shows the external quantum efficiency (EQE) -essentially a measure of the light sensitivity (output electrons divided by total number of input photons) for the dendrimer:PCBM photodetector at various bias voltages over the entire visible region. At zero external bias an EQE maximum of 0.9% at the peak absorption of the dendrimer (515 nm) was measured, which increased to 1.8% and 2.9% upon application of (a) (b) external biases of -0.5 and -1V, respectively. This increase can be attributed to improved dissociation and extraction of photogenerated charge carriers 20 . From the results it is clear that with these unoptimised devices there is a trade-off between the dark versus photocurrent and the efficiency of the diodes and it is desired that both of these values are larger for high resolution applications such as machine vision. Optimization of film thickness and suppression of dark leakage current is expected to improve the photosensing ability of the dendrimer photodetector. Importantly, the wavelength at which the maximum EQE is observed and the spectrum selective nature with a narrow FWHM of 90 nm strongly match those in the absorption profile of the dendrimer. The use of PCBM in the blend does not therefore cause significant broadening or shifting of the spectra. 
SUMMARY
A novel green-absorbing dendrimer has been synthesized and used in the fabrication of a color-selective organic photoconductive device by simple solution-processing methods. The photocurrent spectra of the device showed sufficient spectral selectivity in the green-absorbing region for camera applications. The external quantum efficiency of the photodetectors reached up to 2.9% at -1 V bias. There is currently a trade-off between the EQE and dark current, and further materials and/or device optimisation should enable these two key properties to be independently improved. Nevertheless, these results clearly show that dendritic absorbers are a promising way forward for organic chromophorebased photodiodes, and gives strong motivation for the development of photodiodes that will absorb in the remaining three regions of the visible spectrum (blue, orange/yellow and red) in order to realize a prototype image sensor enabling the acquisition of a full-color digital image.
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